Abstract. Regarding the published researches on bicycles, they fail to design fatigue characteristics of the bicycle. In addition, dynamics and fatigue characteristics are not further improved by using advanced optimization algorithms. Aiming at these questions, this paper tries to optimize dynamics and fatigue characteristics of the bicycle through combining finite element model with advanced algorithms. The advanced algorithm applies ideas of cellular automation (CA) to Particle Swarm Optimization (PSO), and then a hybrid CA-PSO algorithm is proposed. Moreover, the finite element model is also validated by experimental test. Computational results show that: the maximum stress of bicycles is mainly distributed on the frame, especially on joints of different round pipes at different moments mainly because a dead corner is at the joint, and the dead corner can easily cause stress concentration. Under alternating forces, the stress concentration at joints will cause fatigue damage. Therefore, the service life of this position will be the shortest. As a result, the dynamics and fatigue characteristics of the joint position are taken as the optimized objective. In order to verify the optimized effectiveness of the proposed CA-PSO algorithm in the paper, the widely used PSO algorithm and PSO-GA algorithm are also used to optimize the bicycle. When the traditional PSO algorithm is used to optimize the bicycle, the root-mean-square value and maximum difference of vibration accelerations are decreased by 11.9 % and 14.3 %. When the PSO-GA algorithm is used to optimize the bicycle, the root-mean-square value and maximum difference of vibration accelerations are decreased by 20.3 % and 12.9 %. When the proposed CA-PSO algorithm is used to optimize the bicycle, the root-mean-square value and maximum difference of vibration accelerations are decreased by 27.1 % and 18.6 %. Compared with other two kinds of PSO algorithms, optimized effects of vibration accelerations are very obvious. In addition, the fatigue life of the original structure is 5 years, while the fatigue life of the optimized bicycle is 7 years. Therefore, the fatigue life is improved obviously.
Introduction
With the improvement of people's material culture life level, bicycles are not only a sports activity instrument, but also a traffic tool [1] [2] [3] [4] [5] [6] . A fitness bicycle can simulate force and work of riding in the outdoor, so as to achieve fitness effects similar to highway bicycles. An interactive fitness bicycle integrates multiple technologies such as computer technology, sensing technology and ergonomics, managing to provide riders with omni-sensory stimulation and simulate bicycle riding more vividly. How to provide immersive experience of real scenes during the riding is not only embodied in vision, but more importantly, it aims to achieve consistency between riding loads between the fitness bicycle and field riding. Highway bicycle is an endurance project with physical energy orientation. The riding is characterized by single-cycle continuity, long duration, large riding strength and high strength in sprinting. Because of these characteristics, corresponding requirements are proposed for power output of a rider at different stages. On the other hand, close combination of physical energy consumption and technology is the key to win a match. Riding of the highway bicycle has complicated dynamic principles. While trampling the pedals to drive a bicycle, a rider shall overcome many types of resistance caused by the bicycle body, ground and air. Real-time changes in factors such as acceleration, path and wind direction during riding will comprehensively affect the force and work of the rider. During riding, a bicycle bears large alternating force for a long time. Therefore, it is necessary to study its force bearing process [7] [8] [9] [10] [11] [12] .
At present, some scholars have made a lot of researches to analyze forces of bicycles. Based on the finite element method, Du [13] conducted modal analysis on a bicycle frame and conducted experimental verification through experimental test, obtaining vibration information of the frame on the top 8 orders. Based on dynamic analysis, Cai [14] established a dynamic mathematic model of highway bicycles, and analyzed characteristics and rules under different riding states through model solution. Chen [15] established a bicycle virtual sample machine, where the frame was processed as a flexible body to make the simulation approach actual situations, and safety of the bicycle under dangerous impact loads was analyzed. Feng [16] designed and analyzed frame materials and pipe thickness using ergonomics and mechanics of materials, so as to make the bicycle achieve function transformation and satisfy dynamic requirements. During bicycle riding, jolt and vibration would be caused easily; frequent braking will generate instant impact effects. When the instant impact force is accumulated to certain times, weak links of the frame will suffer from fatigue damage if the frame does not have sufficient strength. Therefore, above researches failed to design fatigue characteristics of the bicycle. In addition, dynamics and fatigue characteristics were not further improved by optimization algorithms.
Aiming at these problems, the paper tries to optimize dynamics and fatigue characteristics of the bicycle through combining finite element model and advanced algorithms. The paper applies ideas of cellular automation (CA) [17] [18] [19] [20] to Particle Swarm Optimization (PSO) [21] [22] [23] [24] , and proposes a hybrid CA-PSO algorithm to study the communication structure, information transmission and inheritance mechanism of populations in the PSO algorithm. Particle swarm is deemed as a CA model, where each particle only conducts information communication with neighbors determined by a neighbor function. In this way, information can be propagated slowly in the population; population diversity can be kept; search space can be explored; and local information of each particle can be fully excavated. Very obvious effects can be obtained when the algorithm is used to optimize dynamics and fatigue characteristics of the bicycle.
Finite element model of bicycles
SOLIDWORKS software was used to establish a CAD model according to dimensions provided by a bicycle design drawing. In order to ensure mesh division effects in subsequent work, some chamfers and unimportant structures were neglected during modeling. Finally, a geometric model of the bicycle was obtained, as shown in Fig. 1 . The bicycle is made of a frame system, a transmission system and a wheel system. The bicycle frame system is divided into a frame part and a front fork part. The frame is divided into a front triangle part and a rear triangle part. The front triangle is made of an upper pipe, a lower pipe and a seat pipe. The rear triangle is made of a seat stay and a chain stay. The transmission system is made of pedals, a chain wheel, a chain, a flywheel, a transmission, etc. The wheel system is mainly composed of tires and tire beads.
Solid elements were used to conduct mesh division of the bicycle. During mesh division, relations between division accuracy and computational scale should be weighed, and the two factors must be considered comprehensively during determining the mesh quantity. During selecting basic elements of the finite element model, the addressed aspects must be taken into account: (1) The bicycle frame is basically composed of steel pipes with various cross section shapes, while the steel pipes have small cross section size, wall thickness and length. Therefore, these structures could be dispersed by shell elements. Hexahedral solid elements have very high interpolation accuracy, but mesh division will be difficult and computational time will increase if they are used to disperse frame pipes. The computational model based on a shell structure will have a larger pre-processing workload and longer computation time than a rod system structure, but it can accurately simulate actual situations of local parts such as joints and holes. Therefore, high-accuracy stress distribution could be obtained, and stress concentration at local positions could be computed as well. This could not be achieved by the rod system structure. The bicycle frame is made of Q235 with elasticity modulus of 210 GPa, density of 7800 kg/m 3 and Poisson's ratio of 0.3. It is an isotropous linear elastic material. As for the tire rubber material, density is 1.5 kg/m 3 , elasticity modulus is 7.8 GPa and Poisson's ratio of 0.47. The bicycle finite element model contains 56902 elements and 69026 nodes. Fig. 2(a) shows a complete finite element model of the bicycle. Fig. 2(b) shows a finite element model of some parts and components of the bicycle. 
Computation and verification of vibration characteristics of bicycles

Numerical computation of vibration characteristics of bicycles
A lot of practices show that damage forms of a material or structure under alternating forces are very different from those under static forces. Under the alternating force, even if the maximum stress of the material or structure is lower than the yield limit, the structure will suffer from sudden fractures at a moment under long-term repeated effects. Even a material with high plasticity does not have obvious macroscopic plastic deformation before the fracture. Therefore, it is necessary to apply real alternating forces as the excitation during studying dynamics and fatigue characteristics of bicycles. With the published references concerning excitation loads as the reference, excitation loads at the bicycle saddle were obtained, as shown in Fig. 3 . It is shown in the figure that the excitation loads presented weak periodic features, wherein the maximum absolute value was 31.2 m/s 2 and the corresponding times was 8 s. The minimum value was 2.1 m/s 2 and corresponding time was 1.7 s.
Fig. 3. Excitation loads of bicycles
Excitation forces are uniformly applied to the bicycle saddle, and then dynamic responses are computed. Strain distribution contours at different moments are extracted, as shown in Fig. 4 . It is shown in the figure that the bicycle saddle suffers from the most serious deformation at different moments as the excitation force is applied at the position. Secondly, the bicycle frame suffers from obvious deformation as the frame is mainly composed of round steel pipes with low stiffness. The bicycle handlebar suffers from the minimum deformation at all the moments because this position is far from the excitation force and has a high stiffness.
Stress contours at different moments are also extracted, as shown in Fig. 5 . It is shown in the figure that the maximum stress of bicycles is mainly distributed on the frame, especially on joints of different round pipes of the frame at different moments. The bicycle frame is composed through welding of hollow round steel pipes with relatively low stiffness. Maximum stress is generated at joints of different round pipes mainly because that a dead corner is at the joint, could easily cause stress concentration and belongs to a dangerous region. Forces are uniform at the bicycle handlebar and tires and do not have obvious stress concentration phenomena. Under alternating forces, the stress concentration at joints will generate fatigue damage.
Due to material non-uniformity or geometrical shape of the structure, the structure suffers from very high stress in some regions while bearing external loads. Long-term alternating stress effects amplified the local stress value and gradually formed microscopic cracks in the local regions with high stress. Tips of microscopic cracks suffer from serious stress concentration, so the cracks begin expanding gradually and finally form macroscopic cracks. Joints of different round pipes are stress risky regions as the different round pipes are generally connected by welding. During welding, continuous welding joints are adopted along the rims, so that strength of the cross section is weakened. Fig. 6 and Fig. 7 represent fatigue damage and life of the bicycle respectively. It is shown in Fig. 6 that the round pipe joints suffer from the most serious fatigue damage. Therefore, the service life of this position is the shortest according to the fatigue life distribution in Fig. 7 . 
Experimental verification of the computational model of bicycles
Dynamics and fatigue characteristics of the bicycle are analyzed by the computational model.
However, the computational model has very complicated boundary conditions and mesh division. Therefore, the correctness of the computational model must be verified. Before experimental verification, vibration acceleration curves of corresponding positions of the bicycle must be extracted for comparison with experimental data. Fig. 8 shows vibration acceleration values at different positions. It is shown in Fig. 8 that the vibration response curves of the bicycle fluctuated very obviously; the maximum vibration acceleration responses are at the round pipe joints; the minimum vibration acceleration is at the bicycle handle; these distribution results are consistent with rules of stress and strain. In addition, it could be found that the vibration acceleration on the seat stay round pipe presents certain periodicity. At the joints, the maximum vibration acceleration is 8. Fig. 9 shows experimental test on the bicycle vibration accelerations. The experiment aims to measure acceleration responses of the handlebar, seat stay and joint position during bicycle riding on the pavement. Experimental results are compared with those of numerical simulation, so the correctness and validity of the established simulation model could be verified. In the experiment, an LMS signal collection system and an ICP acceleration sensor are adopted. During the experiment, the tested sample bicycle is ridden on the pavement, as shown in Fig. 10(a) . Sensors are set on the handlebar, seat stay and joint position, as shown in Fig. 10(b) . Meanwhile, a small automobile equipped with testing instruments and equipment traveled on the flat pavement side by side with the same speed. In this way, the riding state of the tested bicycle could be ensured, and measurement errors caused by pavement jolt to instruments and equipment used in experimental testing could be avoided. In this way, the key problem in the testing experiment of bicycle riding could be solved. Signals collected by sensors are input into software in the computer. The tested data is processed using the method [26, 27] Fig. 11 . It is shown in Fig. 11 that vibration accelerations basically had the consistent changing trends between the experimental test and the numerical simulation while the accelerations did not differ a lot. Therefore, the numerical computation model established in the paper is feasible. 
Numerical optimization of vibration characteristics of bicycles
It is shown that large stress concentration and fatigue damage will easily appear at round pipe joints of the bicycle. The maximum vibration acceleration response also appears at this position. Therefore, the position is taken as the optimization object. Maximum difference and root-mean-square value of the vibration acceleration response are taken as optimization object. Mass is taken as a constraint. Thickness of the round steel pipe and the welding region area of the joint position are taken as design variables. Among many intelligent optimization algorithms, PSO not only has memorability, but also has the capabilities of communication, response, cooperation and self-learning. Therefore, it has excellent local search ability. Compared with other algorithms, it has fewer parameter settings, could be achieved easily and could converge more quickly under most cases. However, the PSO algorithm could easily fall into local extreme values during optimization. CA and PSO algorithms come from different fields, so they are essentially different. CA is a discrete computation model used for computation. PSO algorithm is an optimization tool applied to the optimization field. However, through comparison of CA model and PSO algorithm, many similar characteristics of them could be found. At first, both of them are composed of multi-individual sets. Individuals in CA are called as cells. Individuals in the PSO algorithm are called as particles. Each individual has inherent characteristics which could distinguish it from other individuals. Each cell in CA has a cell state respectively. In PSO algorithm, information of each particle, such as speed, position, fitness, individual optimal position and global optimal position, is taken as the particle characteristic. Current state of each cell is changed through information communications with its neighbors. Similarly, each particle communicates with other particles in the population to update its inherent characteristics. In CA, transfer rules are generally used to guide evolution and update of cells. In the PSO algorithm, particles are updated according to a speed formula and position formula. In addition, both of them are running in discrete time dimensions. Therefore, the paper applies CA ideas to the PSO algorithm to study the communication structure, and information transmission and inheritance mechanism of populations in the PSO algorithm. Particle swarm is deemed as a CA model. Each particle only conducts information communications with neighbors which are determined by a neighbor function. In this way, information is propagated slowly in the population; population diversity could be kept; search space could be explored; and local information of each particle could be fully excavated.
During defining CA, cells are fixed at each discrete time point. The cell state at next moment depends on its own state and impacts of neighbor cell states. In one-dimensional cellular automation, radius is generally used to determine neighbors, namely all the cells within the radius are deemed as neighbors. Neighbor definition of two-dimensional cellular automation is more complicated than one-dimensional cellular automation. Four forms are shown in Fig. 12 . In general, Moore is selected as a cell neighbor definition form in the CA model.
The hybrid cellular automation-particle swarm optimization algorithm (CA-PSO) is based on characteristics of a particle swarm. At first, particles are generated randomly. Then, each particle is placed in a two-dimensional mesh topology structure disorderly, as shown in Fig. 13(a) . Each particle is deemed as a cell. The same neighbor amount is assigned to each cell, and the cell amount is equal to the population size. As shown in Fig. 13(b) , a Moore neighbor structure is used and each cell has 8 neighbor individuals, where the grey circle represents a cell individual, the blue circle represents a center cell individual, and imaginary line frames represent its neighbor individuals. Orange individuals are overlaying neighbors between two neighbors. In fact, overlaying of the neighbor individuals provides a recessive migration mechanism for the algorithm. The mechanism can make the optimal individual get diffused gently in the whole population, so that selection pressure of the algorithm could be reduced, and diversity of the algorithm could be improved.
Flow diagram of Hybrid CA-PSO algorithm is shown in Fig. 14 , and it is mainly realized by the following steps: (1) random initialization is conducted on a particle swarm; particles are distributed in a two-dimensional mesh structure to generate corresponding neighbors, target through the previous step, all the particle states are updated, so fitness values under new states shall be computed. (6) Each particle neighbor is evaluated respectively, and the fitness value of each particle neighbor is computed. (7) Fitness values of particles and their neighbors are compared; if the particle has neighbors with better fitness, the neighbor state shall be used to replace the state of next moment; otherwise, the current particle state will be kept unchanged. (4)- (9) will be executed repeatedly. Otherwise, the circulation will be ended, and the optimal solution will be output. In order to verify the effectiveness of the CA-PSO algorithm proposed by the paper, the widely used PSO algorithm and PSO-GA algorithm are also used to optimize the bicycle. Errors and population iteration processes of three kinds of algorithms are shown in Fig. 15 and Fig. 16 . An optimization process will converge when the set critical error of 0.01 or a termination generation is reached. It is shown in Fig. 15 that the traditional PSO algorithm cannot converge during the whole iteration process and falls into local extreme values. The PSO-GA optimization algorithm converges to the set critical error when the iteration is conducted to 480th generation. The CA-PSO algorithm proposed by the paper already converges to the set critical error when the iteration is conducted to the 320th generation. Therefore, the optimization algorithm proposed by the paper has high optimization efficiency and will not always fall into local extreme values. . The root-mean-square value and maximum difference of accelerations are decreased by 20.3 % and 12.9 %. Obviously, compared with the PSO algorithm, the optimization effects of root-mean-square value of vibration accelerations are obvious, but the optimization effects of maximum difference are reduced. When the CA-PSO algorithm proposed by the paper is used to optimize the bicycle, the iteration has a smooth stage when the number of iterations is within 160-250 because it has fallen into the local extreme value, but it soon jumped out from this local extreme value. As a result, the obtained root-mean-square value and maximum difference of optimal vibration accelerations are 21. Fig. 17 . It is shown in the figure that the optimized acceleration values are obviously better than those of the original structure at most time points. However, at some time points, the optimized accelerations are smaller than the original result. This is normal as the optimization objective in the paper is root-mean-square value and maximum difference of the vibration acceleration rather than vibration acceleration at each time point. In addition, the fatigue life of the optimized bicycle is also computed. The fatigue life of the original structure is 5 years while the fatigue life of the optimized bicycle is 7 years. Therefore, the fatigue life is improved obviously. 
Conclusions
The paper tries to optimize dynamics and fatigue characteristics of the bicycle through combining finite element model with advanced algorithms. The advanced algorithm applies ideas of cellular automation (CA) to Particle Swarm Optimization (PSO), and then a hybrid CA-PSO algorithm is proposed. The conclusion has been detailed as follows: a) Damage forms of a material or structure under alternating forces are very different from those under static forces. Under the alternating force, even if the maximum stress of the material or structures is lower than the yield limit, the structure will suffer from sudden fractures at a moment under long-term repeated effects. Even a material with high plasticity does not have obvious macroscopic plastic deformation before the fracture. Therefore, it is necessary to apply real alternating forces as the excitation during studying dynamics and fatigue characteristics of bicycles.
b) The maximum stress of bicycles is mainly distributed on the frame, especially on joints of different round pipes of the frame at different moments mainly because that a dead corner is at the joint, and the dead corner can easily cause stress concentration and belongs to a dangerous region. Forces are uniform at the bicycle handlebar and tires and do not have obvious stress concentration phenomena. Under alternating forces, the stress concentration at joints will generate fatigue damage. Therefore, the service life of this position is the shortest.
c) The vibration response curves of the bicycle fluctuated very obviously; the maximum vibration acceleration responses are at the round pipe joints; the minimum vibration acceleration is at the bicycle handle; these distribution results are consistent with rules of stress and strain. In addition, it could be found that the vibration acceleration on the seat stay round pipe presents certain periodicity. Moreover, vibration accelerations basically have the consistent changing trends between the experimental test and the numerical simulation. Therefore, the numerical computation model established in the paper is feasible. d) In order to verify the effectiveness of the CA-PSO algorithm proposed by the paper, the widely used PSO algorithm and PSO-GA algorithm are also used to optimize the bicycle. When the traditional PSO algorithm is used to optimize the bicycle, the root-mean-square value and maximum difference of accelerations are decreased by 11.9 % and 14.3 %, respectively. When the PSO-GA algorithm is used to optimize the bicycle, the root-mean-square value and maximum difference of accelerations are decreased by 20.3 % and 12.9 %. When the proposed CA-PSO algorithm in the paper is used to optimize the bicycle, the root-mean-square value and maximum difference of accelerations are decreased by 27.1 % and 18.6 %. Compared with other two kinds of PSO algorithms, optimization effects of the root-mean-square value and maximum difference of vibration accelerations are very obvious.
e) The optimized acceleration values are obviously better than those of the original structure at most time points. However, at some time points, the optimized accelerations are smaller than the original result. This is normal as the optimization objective in the paper is root-mean-square value and maximum difference of the vibration acceleration rather than vibration acceleration at each time point. In addition, the fatigue life of the original structure is 5 years, while the fatigue life of the optimized bicycle is 7 years. Therefore, the fatigue life is improved obviously.
